Despite efforts to protect the resident Atlantic cod (Gadus morhua) population in Gilbert Bay, Labrador, its abundance has decreased since the area was designated a Marine Protected Area (MPA). As part of an effort to understand the reasons for the decline, tracking of cod tagged with surgically implanted ultrasonic transmitters was conducted to determine the migratory behavior of cod in relation to MPA boundaries. Acoustic tracking used a network of data-logging receivers deployed in Gilbert Bay and contiguous marine waters, permitting year-round monitoring of fish movements over several years. Acoustic tracking indicated that 93% of mature migratory cod >55 cm total length homed to the overwintering area where they were initially tagged. During summer months some individuals moved to the mouth of the bay and marine waters outside the MPA. Collectively, the home range of the Gilbert Bay cod encompassed an area within about 40 km of their overwintering and spawning site, but included a large area (ϳ270 km 2 ) outside the MPA. Eleven percent of tagged cod released outside their home range returned to the capture site within 1 year after tagging. In contrast, fish transplanted 15 or 25 km from the capture site, but still within their home range, exhibited 100% success in homing, suggesting the importance of prior experience with the migration route for successful homing. This study documents the importance of knowledge concerning the migratory and homing behavior of resident fish populations for their conservation and management.
Introduction
Marine populations were once considered well mixed over broad spatial scales, but an extensive body of marine connectivity research now challenges that view by describing more and more spatially and genetically discrete populations (Warner and Cowen 2002; Palumbi 2003; Dawson et al. 2006) . The presence of a spatially and genetically distinct population of Atlantic cod (Gadus morhua) in Gilbert Bay, Labrador, Canada (Green and Wroblewski 2000; Bradbury et al. 2013) , catalyzed the designation of a marine protected area (MPA) in the bay in 2005 under Canada's Ocean Act. The primary mandate of the MPA is to protect the resident cod population and its habitat, and the Gilbert Bay MPA has been closed to cod fishing since 2005.
Atlantic cod are a prolific species capable of reaching levels of population abundance in the millions (Rose 2007 and references therein), but discrete, persistent populations specific to a bay, fjord, or offshore area characterize the species throughout its range (Templeman 1979; Ames 2004; Robichaud and Rose 2004) . Homing and site fidelity, fine-scale genetic structuring, residency, and specific repeat spawning locations typify well-studied inshore populations of Atlantic cod in both the East and West Atlantic (Knutsen et al. 2011; Dean et al. 2014; Morris and Green 2014) . Such structural complexity in populations improves species persistence and resilience (Schindler et al. 2010) and is an important consideration in the management and conservation of marine resources.
Ongoing research on Gilbert Bay Atlantic cod since 1996 includes annual estimates of research catch per unit effort and length frequency distributions in the primary overwintering and spawning area (Morris and Green 2014) . That research estimated a decline in biomass and research catch rates by as much as 83% and 54%, respectively, since the area became an MPA. These negative population changes correlate with commercial fishing (r = -0.87, p = 0.002) in marine waters contiguous to the MPA (Morris and Green 2014) , demanding a better understanding of the movement patterns of Gilbert Bay cod in relation to MPA boundaries. Here we present data on the migratory behaviour of Atlantic cod in Gilbert Bay tagged with implanted acoustic transmitters. Previous tracking research established that Gilbert Bay cod are a resident population (Green and Wroblewski 2000) and that individuals 31-33 cm total length (TL) have small (<2 km 2 ) home ranges during summer (Morris et al. 2010) ; however, these studies were unable to establish whether their migratory behavior took them outside current MPA boundaries and, if so, when and for how long. Since 2005, additional tracking of Gilbert Bay cod has been conducted to fill this knowledge gap. During the course of this research, two types of multiyear tracking experiments were conducted, each with distinct objectives. The first utilized fish that were caught and released at the same location to define home ranges of small and large individuals. The second experiment transferred small and large fish away from the capture site (transplant releases) to assess the importance of prior experience in Gilbert Bay cod homing. Although the homing ability of Atlantic cod is well established (Robichaud and Rose 2004) , little is known about the possible role of prior experience in this behavior.
Methods

Tracking methods
In previous tracking studies of Gilbert Bay cod (Green and Wroblewski 2000) , hand-held omnidirectional and directional hydrophones were used to locate tagged fish. In the current study, a network of data-logging receivers (Vemco VR2 and VR2W) deployed in Gilbert Bay and contiguous marine waters ( Fig. 1 ) enabled year-round collection of data on the location of tagged cod. The receiver network expanded from 10 receivers within the MPA in 2005 to include an additional 10 receivers along the coast in 2008, and then an additional 15 were deployed in Alexis Bay and within the MPA during 2009. Receivers were moored several metres above the sea floor in water depths varying from less than 10 m to greater than 100 m. Morris and Green (2012) provide a description of the network, including information on the deployment and retrieval of receivers. Throughout the current study, most receivers were retrieved and data downloaded twice a year (in spring and fall). Receiver batteries were replaced once per year (in spring) following the downloading of data.
The placement of receivers enabled determination of when tagged fish both exited and returned to zone 1a of the MPA, the primary overwintering and spawning area for Gilbert Bay cod ( Fig. 1 ). Receivers placed near the narrow entrances to Gilbert Bay (the boundaries of the MPA) detected fish both leaving and returning to the bay, whereas offshore receivers to the north and south of Gilbert Bay and receivers in Alexis Bay recorded the presence of fish when in these areas ( Fig. 1 ). Based on range testing and depending upon local conditions, receivers could detect tagged fish up to ϳ1 km away, which corresponds to manufacture specifications and testing (http://vemco.com/range-calculator/).
Fish tagging
Given that the primary objectives of tracking were to determine (i) when fish seasonally exited and returned to their overwintering and spawning area (zone 1a; Fig. 1 ), (ii) the extent of their movements in relation to MPA boundaries, and (iii) the approximate size (length) of fish when they first migrated seasonally from zone 1a, all tagged fish were obtained from zone 1a, a known overwintering and spawning area . Fish were caught by hook and line using a standard lure (1 oz Gibbs minnow Jig; 1 oz = 28.3 g). Following tagging, fish were immediately released at the capture site unless they were part of a transplant release (see below). In the latter case, they were held in containers until transport to the release site, usually less than 30 min.
Depending upon their length, fish were surgically implanted with either Vemco V13 or V16 coded transmitters. The battery life of V13 transmitters (dimensions 13 mm × 36 mm) and V16 (16 mm × 68 mm) transmitters varied from 900 to 1248 days, during which an acoustic signal was transmitted randomly within a 90 to 240 s interval. Power output of tags was 158 dB re 1 Pa @ 1M. Tag mass in air was always less than 1% of the body mass of the fish. During tagging, fish were covered with a wet towel prior to inserting a tag into the body cavity through a ϳ2 cm incision in the abdomen anterior to and above the vent. The incision was then closed with two or three sutures (Green and Wroblewski 2000) . Tag function and ID was verified using a manual VR100 hydrophone. Fish surgery followed animal care protocols approved by Fisheries and Oceans Canada and Memorial University animal care committees.
Two size groups of fish were selected for tagging: individuals greater than 55 cm TL and those between 34 and 38 cm TL (hereafter large and small group, respectively). Prior research showed that fish in the larger length group seasonally move out of zone 1a (i.e., are migratory) and that fish smaller than 32 cm TL occupy small (<2 km 2 ) summer home ranges within zone 1a (i.e., are nonmigratory) (Green and Wroblewski 2000; Morris et al. 2010) . Because most male and female Gilbert Bay cod become sexually mature at about 35 cm TL (ages 4 to 6; , it was assumed that they would initiate a summer feeding migration at about this size. By tagging fish of this size, it could be determined whether they were migratory in the year tagged or in one or both of the subsequent 2 years (the life of their tag). Fiftynine fish in the larger length group and 13 in the smaller length group, hereafter referred to as replants, were tagged between 2005 and 2011 and released at the capture site (Table 1 ). During the same period an additional 30 fish in the large group and 17 in the small group were tagged and transported to sites outside zone 1a (see below). These cod are referred to hereafter as transplants.
Transplant releases
The purpose of transplanting fish from zone 1a to other locations was to evaluate whether prior experience influences the ability of cod to return to the capture site (i.e., to successfully home). The collective migratory movements of fish initially tagged and released at the population's known overwintering and spawning site (i.e., replants in zone 1a) provided information on the annual spatial pattern and extent of the population's migratory range. With this information, it was possible to transplant fish to sites both within and outside the population's known or expected range of movements and then to compare the success of fish homing when released in what were assumed to be familiar versus unfamiliar locations. Table 1 summarizes information on the number of transplants in each of the two size categories (34 to 38 cm and >55 cm), the distance moved from zone 1a, and whether the release site was within or outside the population's range of movements. Given replant information, small fish were assumed not to have previously moved out of zone 1a, whereas large fish were assumed to have previously migrated to sites at the mouth of the bay and into Alexis Bay.
Data analysis
Data from receivers were transferred into an Oracle relational database (Morris and Green 2012) that contained tagging data, receiver data, and deployment-retrieval history. To remove the likelihood of false detections from the receiver data, tag detections were considered valid only when at least two detections were received from a tag within a 30 min period on a given receiver. A fish was then considered to have been within 1 km of that receiver.
One hundred and nineteen Atlantic cod were tracked between 2005 and 2011 ( Table 1 ). The nineteen large fish (>55 cm TL) released outside of zone 1a but within Gilbert Bay in 2006 and 2009 were included with non-transplant fish in the analysis of migra-tion timing and distance during second and third years of tracking because they all returned quickly to and overwintered in zone 1a following their release. Fish that moved out of zone 1a but did not return the same year to overwinter there were classified as strays. When acoustic signals were no longer detected from a tag located within the receiver array area within at least 6 months before its battery was expected to expire, that tagged fish was assumed to have experienced mortality. Note: Small cod ranged in size from 34 to 38 cm total length (TL) and large cod were 55-81 cm TL. All transplants were outside the home range of small fish, and a distance of 45 km was outside the home range of large fish. NA, not applicable.
Results
Migratory pattern
All tagged fish classified as large that migrated in a given year moved out of zone 1a after the spring tagging period (i.e., began their annual feeding migration) and in subsequent years left zone 1a during a relatively short interval, in June primarily. These fish returned to zone 1a over a much longer period, beginning in July and continuing into November (Fig. 2) . Only in 2006 did fish appear to initiate migration earlier than in other years. In 2006, all tracked migrant fish moved out of zone 1a in late May prior to the start of migration in other years. Fish tagged in zone 1a (see Fig. 1 ) in summer of 2007 and 2008 (n = 4) did not migrate that year or in the following year of tracking. Fish tagged in fall of 2005 (n = 10) remained in zone 1a throughout the winter, and 7 of 10 fish migrated out of zone 1a in spring of 2006. Unlike larger fish, most (10 of 13) small cod (34-38 cm TL) released in zone 1a remained there during the first year after tagging.
Completion of the receiver network in 2009 enabled tracking throughout the study area, and individual fish tagged that year were tracked for a consecutive 3-year period. Based on these data, more small fish migrated during the second and third year after tagging (Fig. 3) , and once the smaller fish became migrants, except for one individual, they continued to migrate in subsequent years. The timing of their migration coincided with that of large cod, and they moved as extensively as larger fish. Large cod, in contrast, were less likely to migrate in the years after the year of Year 3
Year 2 Year 1 Small Fish Large Fish tagging (Fig. 3 ). Tagged fish from both size groups that migrated from zone 1a between 2009 and 2011 (when the offshore part of the receiver network was in place) moved as far as 40 km from zone 1a. Although fish moved out of the MPA, most remained within 10 km of its boundaries (Fig. 4) . The length of time migratory fish spent out of zone 1a varied, but 87% of fish returned within 4 months (Fig. 5 ). During the 5 years of the study the receiver in zone 1b detected only three fish (Fig. 4) , indicating that fish moved predominately towards the mouth of the bay. Gilbert Bay cod that moved beyond the fjord-like environment of the MPA to more open coastal areas had greater opportunity to disperse undetected, but they did not. Instead they exhibited a home range smaller than the area of our detection array, <330 km 2 . Straying and assumed mortality were low during this study. Straying occurred in both large and small cod but was higher in small (30%) than in large (7%) fish. Some strays (three large and one small) spent the winter in the main arm of Gilbert Bay, but moved back into zone 1a during the spawning period (May-June) and then moved from zone 1a. Based on the assumption regarding lack of signal in fish with months of battery life remaining, we estimated that 1 of 119 disappeared soon after release and likely experienced mortality. Only 1 of 13 small replanted fish disappeared from within the detection array during the entire 3-year period (ϳ900 days). For large fish, 2 of 22 (9%) in 2008, 6 of 40 (15%) in 2009, and 2 of 20 (10%) in 2010 disappeared while within the detection array area.
Transplanted fish
Large fish transplanted within their home range (n = 17) exhibited 100% homing. All returned to zone 1a within the expected migration period indicated by replanted fish (end of November) with 11 of 17 returning within 2 weeks after transplant. Some individuals then migrated out of zone 1a during the same spring and returned during summer or fall. Of the 17 small fish transplanted and released at the same sites as the large transplants, none returned directly or within a short time (<4 months) to zone 1a. For individuals tracked over a 3-year period, only two returned the same year, another returned the following spring, and a fourth during the third year. Thirteen others did not return during the 900-day battery life expectancy of their tags. Some of these fish were detected while moving increasing distances away from zone 1a until they were last detected by the most seaward receivers in the network. Over the next 2 years, other individuals were detected for short periods at various sites, including the release site. Of the four that eventually returned to the capture site, three were among the largest of this group and were likely a year or two older than the smallest (Morris and Green 2002, 2014) .
Only 1 of 11 large cod transplanted outside the population's home range to a site near Pinsents Arm in St. Michael's Bay (Fig. 1) , about 15 km from the northern most receiver in the network (beyond the expected home range), returned to Gilbert Bay and zone 1a. Several of these transplanted fish revisited the release site over several weeks during that summer but were not detected thereafter. One of the transplanted fish was captured in a commercial whelk pot approximately 2 km from the release site 60 days after it was tagged; the tag was returned by the harvester to Fisheries and Oceans Canada. Between June and October, two fish were detected by receivers at the northern extent of the network, but neither returned to Gilbert Bay. The one fish that returned to zone 1a followed a nondirect route, bypassing the northern entrance to Gilbert Bay and entering Alexis Bay. From there it moved back into Gilbert Bay and zone 1a, arriving on 17 August, 76 days after its release.
Discussion
Migration
Although considered resident (Green and Wroblewski 2000; , the Gilbert Bay cod population exhibits distinctive migratory behaviors, presumably adapted to the local environment. Individuals move from their overwintering and spawning sites near the head of the bay in June, up to 40 km to feeding areas at the mouth of the bay and contiguous marine waters during summer. Based on the detections of tagged fish by the receiver network, the feeding migration encompasses an area <330 km 2 . The main out-migration from the overwintering and spawning area occurs over a period of 2-3 weeks in early June, whereas the return of fish to the same area occurs over a much longer period. Indeed some fish did not return until November, by which time the head of the bay is usually ice-covered. Most tagged migrants returned 6 to 14 weeks after their departure, but some returned within as little as 2 weeks while others not for 22 weeks. In only 1 (2006) of 7 years of observations did tracked fish leave the overwintering site earlier than the first week in June. Although water temperatures were not noticeably different in 2006 than in other years, the spring freshet ended earlier (Morris 2013) , suggesting that the volume of freshwater inflow into the head of the bay may relate in some way to the timing of out-migration of Gilbert Bay cod. During the primary migration period (June-September), the 2-8°C water temperatures at 8 m depth in Gilbert Bay (Morris 2013) are within the preferred range for Atlantic cod (Righton et al. 2010) , and this period includes the time when capelin occur in the area (Templeman 1948; Morris 2013) .
Most small (34-38 cm TL) tagged cod did not migrate in the first year after release, but an increasing number migrated the second and third year after tagging. Morris et al. (2010) found that Gilbert Bay cod up to at least 32 cm TL (ages 4-5) inhabit small home ranges within the overwintering-spawning area. Hence, the transition from a restricted home range to migratory behavior likely occurs at an age of 5-7 years when Atlantic cod in Gilbert Bay exceed ϳ35 cm TL . This size and age correspond to when both male and female Gilbert Bay cod begin to reach sexual maturity Morris 2013) . The consistent recapture of externally marked cod not more than several hundred metres from initial capture sites and up to 3 years after tagging (Morris et al. 2010; Morris 2013 ) further points to the restricted movements of juvenile Gilbert Bay cod. Other studies report that juvenile Atlantic cod tend to reside in coastal habitats, based on spatial analysis of catch data and external tagging research (Templeman 1979; Bergstad et al. 1987 ) and acoustic tagging and tracking studies that indicate small home ranges (Clark and Green 1990; Cote et al. 2003) . Although juvenile Atlantic cod are comparatively stationary during their first 3 years of life, upon maturation they develop a greater tendency to migrate, resulting in populations that intermingle in the Newfoundland and Labrador region (Thompson 1943; Templeman 1979; Lear and 1984; Taggart 1997) . In the Northwest Atlantic, these summer migrations by mature Atlantic cod are often reported to follow onshore movements of capelin (Mallotus villosus; Templeman 1948), an important food item for these populations (Rose and O'Driscoll 2002) .
Although the large cod tagged in late May or the first week of June migrated out of zone 1a shortly after tagging, these same fish did not necessarily exhibit out-migration the following year. In contrast, the smaller fish were more likely to migrate during consecutive years once they initiated migratory behavior. Skjaeraasen et al. (2012) suggested that the migratory behaviour of Barents Sea cod is possibly related to the energetic cost of reproduction. For this large population of Atlantic cod, the larger individuals are more likely to conduct long-distance migrations (800 km each way) for spawning compared with smaller adults, which require more energy to migrate and spawn. These smaller adults are more likely to skip spawning and not migrate annually. The modest migratory distance of Gilbert Bay cod (<40 km) is not expected to have an appreciable energetic expense specifically associated with migration; however, migration could potentially improve foraging success. How and if migration causally relates to an individual's reproductive behaviour or foraging success in Gilbert Bay requires further study.
Telemetry research in Gilbert Bay was conducted to provide management advice related to the declining abundance of the protected population (Morris and Green 2014) . This multiyear study identified where and when Gilbert Bay cod are likely to move and suggests that Gilbert Bay cod are most susceptible to fishing within 10 km of MPA boundaries from June until September. Interestingly, that all large tagged fish migrated shortly after tagging (but not necessarily in all future years of tracking) could mean their capture and tagging increased the likelihood of migration. However, small tagged cod did not exhibit the same pattern of behavior, and large cod captured and tagged at other times of year also remained within their release area. Therefore, our capture method (angling) likely biased towards fish about to migrate. Such fish might be expected to be more active and more likely to take a lure than non-migrants. Whether or not this is the case is unknown, but it nonetheless suggests that capture method could influence the initial results of tagging studies. Furthermore, from a stock assessment perspective, the observation that some tagged fish did not migrate each year represents an important consideration for fisheries models. Stock estimations, including Northwest Atlantic cod (Brattey and Cadigan 2004; Cadigan and Brattey 2006) , widely use fish tagging to estimate exploitation and mortality and assumes unbiased locality and availability of marked individuals to a commercial fishery. Multiyear telemetry can better inform these assumptions, and some new tag-based stock assessment methods include telemetry data (Kurota et al. 2009; Whitlock et al. 2012) .
Migratory experience and homing
On the one hand, all large cod successfully homed (i.e., returned to the tagging site) when transferred and released either 15 or 25 km from the capture site as long as release occurred within their range of migratory movements. On the other hand, small cod caught and tagged at the same overwintering site and then transferred to the same release locations as the large fish exhibited poor homing success, with only 3 of 17 fish returning to the capture site within the same year. A similar result occurred with large cod released 45 km from the tagging site and about 15 km outside the population's known migratory range. Only 1 of 11 cod returned to the capture site, and it returned by an indirect route. When compared with the 100% homing success of large cod transplanted within their migratory range, the fact that small cod exhibited a high rate of homing after initiating migratory behavior and the probability that some or all of the three small transplanted cod that homed had become migrants the year prior to tagging strongly indicate that prior experience with the migratory route is important for successful homing.
Difference in sensory capabilities between large and small fish seems an unlikely explanation for why larger fish were able to home whereas small fish were not. Tracking data showed that once small cod initiated migratory behavior, they ranged as widely from the overwintering site as larger cod and returned to overwinter where they had been tagged. It appears more likely that Gilbert Bay cod can retrace their migration route based on a single out-migratory experience and require this experience for successful homing. Such behavior would be consistent with learned piloting during which fish move across familiar areas by referring to landmarks learned through exploratory behavior and (or) by following others (Dodson 1988; Kieffer and Colgan 1992) . Fish released in unfamiliar areas did not return to the home site and instead visited the new release site repeatedly; experienced fish quickly left the release site.
Whether fish use social learning to aid in navigation during large-scale migrations remains an open question (Odling-Smee and Braithwaite 2003) , as does the question of whether individuals in other populations of Atlantic cod rely on experience to conduct migrations. Some authors suggest they do. Based on acoustic images of migrating shoals, Rose (1993) concluded that younger cod in the Labrador Sea learn migration routes from older individuals. In Placentia Bay, Newfoundland, Windle and Rose (2005) reported that Atlantic cod tagged and transplanted during spawning were more likely to return to the same ground if they were released along a known migration route rather than in potentially unfamiliar areas of the bay. Learning has been described as an important aspect of natal homing and the formation of locally adapted populations in other fish species such as several clupeids, tuna, Atlantic salmon (Salmo salar), and striped bass (Morone saxatilus) (Hansen and Jonsson 1994; Petitgas et al. 2010) and is undoubtedly an important aspect of the behaviour of local Atlantic cod populations (Svedäng et al. 2007; Skjaeraasen et al. 2011) , including Gilbert Bay cod. Demonstrating how the loss of experienced fish could affect population recovery has proven difficult with little direct evidence available.
Tag expulsion
The expulsion of tags implanted into the body cavity of fish appears common among some fish species (Jepsen et al. 2002) , including salmonids (Moore et al. 1990 ) and catfish (Marty and Summerfelt 1986 ), but appears less problematic for Atlantic cod. Our study offers little evidence for tag expulsion over multiple years of individual Atlantic cod tracking. The fact that the receiver network encompassed the range of movements of tagged fish with a high density of receivers in the overwintering area where most tagged fish spent the majority of time meant that data were available when a tag became stationary or stopped transmitting. Depending upon where and when a tag ceased transmission, we could infer the probable fate of the fish. Three tagged cod disappeared for unknown reasons from within the detection array, and although tags were potentially expelled, it is equally plausible these fish died from natural mortality or their tags malfunctioned. Because these fish disappeared during winter when the area was ice-covered, fishing mortality was unlikely. All other disappearances of ultrasonically tagged cod occurred outside the spawning grounds during the fall and early winter, when fishing mortality was likely. Unfortunately, unreported tag recaptures are common in this area (Morris et al. 2003) .
Conclusions
The tracking of Gilbert Bay cod implanted with acoustic transmitters confirmed the resident status of this population but showed that individuals migrate seasonally to feed, often to areas outside the MPA, encompassing an ambit of <330 km 2 , including areas near the mouth of Gilbert Bay and in neighboring marine waters. Out-migration from the overwintering-spawning area occurs during a 2-to 3-week period in early June, whereas the return migration may occur in as little as 2 weeks or as long after as 22 weeks. Juvenile cod do not initiate migratory behavior until about 35 cm TL, approximately the same length at which they become sexually mature. These small cod are more likely than larger cod to migrate in successive years. Both large and small cod exhibit poor homing success if transplanted outside their previous range of movements. Current evidence based on telemetry data indicates that prior experience with the migratory route, presumably learned during the first out-migration, is important to successful homing.
The decreasing abundance of large cod in the Gilbert Bay MPA punctuates the importance of knowledge about the timing and extent of the population's migratory behavior for both management and conservation purposes. Telemetry data from this study suggests that Gilbert Bay cod are susceptible to harvesting in areas approximately 10 km outside existing MPA boundaries from July through September. Although public consultations have indicated little support for changing MPA boundaries, should additional protection measures be warranted, commercial fishing in nearby marine waters can potentially be regulated so as not to target Gilbert Bay cod during the height of their migratory activities. Similar data for other exploited or threatened fish could greatly benefit their management and (or) recovery.
